Dihydroxyacid dehydratase (DHAD), the rate-limiting enzyme in the synthesis of branched-chain (BCA) amino acids in bacteria and plants, is sensitive to oxyradical toxicity. Oxidant stress reversibly inactivates DHAD and causes starvation for BCA and reversible cessation of growth in Escherichia coli [1] [2]. To better understand the underlying toxicity mechanisms, we have determined the cellular concentrations of charged-tRNAs for BCA, in E. coli treated with the redox-active chemical, paraquat. Contrary to expectation, in the paraquat-treated cells, the concentration of only charged leucyl-tRNA decreased dramatically; whereas, the concentrations of the other BCAs (valine and isoleucine) increased. This paradoxical result, the "paraquat effect" can be best explained if leucine is the most abundant amino acid in the E. coli proteins and therefore the rate-limiting building block in their synthesis. Based on this assumption, we investigated the concentration of free amino acids in E. coli and their relative abundances in E. coli proteins. Protein amino acid frequencies were determined by analyzing one-hundred gene bank protein sequences with software developed as described in Methods. Leucine is the most abundant amino acid in the E. coli proteins (10%) and consequently, the cellular free leucine concentration is smaller and the native charged-leucyl-tRNA levels are much higher than those of valine and isoleucine. This has relevance to humans because: leucine-deprivation was shown to be beneficial in tumor suppression [3] , and leucine-supplementation was beneficial in the recovery from exercise-induced muscle loss [4] [5], and leucine also occurs at a higher frequency in almost all human proteins. In three human protein categories, we examined it ranged from 9% to 17%. This predominance of leucine in proteins would make cells vulnerable to impairment of the leucine pools and could explain our results in E. coli and some of the biological effects of free leucine in humans.
Introduction
Exposure of E. coli K-12 to the oxidative stress of aerobic paraquat, hyperbaric oxygen, or other oxidants, initiates a sequence of events leading to the induction of genetic stringency, a process discovered by Caschel [6] [7] . Stringency is known to result via starvation for amino acids. During classical stringency induction, amino acid pools are depleted and unloaded tRNAs are the "trigger" that induce ribosomes of stringent type cells (which contain the stringency protein) to synthesize guanosine tetra phosphate (ppGpp) [6] [8] , which in turn binds to RNA polymerase [6] [8] and inhibits the synthesis of RNA. Oxidant stress inactivates the [4Fe-4S] cluster of DHAD (2) and thereby causes stringency, in minimal medium, by the deprivation of BCA. We demonstrated through our earlier work [9] [10] that paraquat causes oxidant stress similar to hyperbaric oxygen and other redox-cycling compounds and reversibly inactivates DHAD in E. coli K-12. Paraquat toxicity in E. coli K-12 is at least partly mediated, through its effects on DHAD, because supplementation of branched-chain amino acids mitigates the toxic effects of paraquat [10] via this mechanism.
Methods

Bacterial Cultures and Treatments
Escherichia coli K-12 (CGSC strain #5073) from the E. coli Genetic Stock Center, Yale University School of Medicine, New Haven, Connecticut was used in all E. coli experiments. Cultures (110 ml volume in 500 ml flasks) were grown in a basal salts-glucose medium, supplemented with thiamin and niacin (1 µg/ml each) [11] . One ml of paraquat (110 mM) in sterile, distilled water was added to each exponentially-growing test cultures and the same volume of sterile, distilled water was added to control cultures. After addition of paraquat, cultures were shaken vigorously in a microbial incubator kept at 37˚C (320 rpm, in a Lab Line Orbit Environ-Shaker, Lab line Instruments Inc., Melrose Parke, Illinois). The shaking continued to the indicated time periods in each case ( Figure 1 , and Figure 2 ). Growth of cultures before and after addition of paraquat was monitored by measuring of aseptically-removed aliquots using a Beckman spectrophotometer modified with Gilford electronics at an absorbance of 500 nm wavelength.
DHAD Assay
Dihydroxyacid dehydratase was assayed according to the method described in reference [9] . 
Measurement of Cellular Free Amino Acids
For the determination of amino acid pool sizes E. coli K-12 was grown on membranes as follows. A sterile Millipore membrane (47 mm, 0.45 microns pore size) was placed on four sterile, absorbent Millipore pads that were pre-soaked with 7.5 ml of sterile, MBS medium containing C-14 glucose at a final concentration of 0.55 M, 1.58 mCi per mmole. The membranes were first incubated at 37˚C for 1 h and were then inoculated with the culture that was grown for at least 5 generations in minimal basal salt medium (MBS) containing C-14 glucose. The membranes thus prepared were incubated at 37˚C for 2 h and then extracted with 3 ml of 0.2 N HClO 4 and the extracts were centrifuged at 10,000 g for 10 min. The radioactivity in the pellets of this centrifugation step was measured.
The supernatants were neutralized by the addition of 5% potassium carbonate.
Five ml of a neutral solution from each sample was evaporated to dryness in a speed-vac concentrator. The dry residue containing free amino acids was derivatized with phenylisothiocyante (PITC) according to the method of Heinrikson et al. [12] . Briefly, the dry residue was reconstituted with 100 µl of derivatization buffer (7:1:1:1, ethanol, water, triethylamine, and PITC), the mixture was sonified for five min and then kept at room temperature for 15 min, following which the solution was evaporated to complete dryness in a speed-vac concentrator. A standard mixture of amino acids (Pierce Co., 25 nanomoles each) was added to MBS medium and derivatized with PITC by the same procedure as described immediately above. The PITC derivatives in the dry state were dissolved in 1 ml of distilled water and analyzed by HPLC using the Waters PICO TAG amino acid system. Standard curves to measure the number of cells vs. radioactivity in the pellets were prepared with the culture remaining after inoculation of the membranes. We reported the free amino acid pool sizes of the 12 amino acids that could be assessed reliably and not the remaining eight which were uncertain because of their comparatively low concentrations.
Determination of Percentages of Loaded-tRNAs
E. coli was grown in the MBS medium supplemented with niacin and thiamin.
For this 110 ml of sterile medium was inoculated with overnight cultures. When the cultures reached exponential growth (0.7 -0.9 absorbance at 500 nm), 1 ml of 110 mM paraquat was added and the cultures were subjected to shaking at 320 rpm for 0.5, 1.0, 5.0, or 20.0 min in different experimental schedules. A 12.5 ml solution of 55% TCA, and 1.25 ml of 1% SDS were added in succession to the cultures with a 1-min shaking period in between these two additions. The mixture was then transferred to a previously chilled 250 ml centrifuge bottles and subjected to centrifugation at 10,000 g for 10 min. The supernatant was discarded and the pellet was extracted for RNA with TRI reagent (Molecular Research Center Inc, Cincinnati, OH) according to the protocol provided with the reagent. Briefly, the cell pellet was suspended in 2.5 ml of the TRI reagent. After mixing vigorously, 0.5 ml of chloroform was added and after further mixing the suspension was centrifuged at 13,000 g for 10 min. the upper aqueous phase was separated and RNA was precipitated by the addition of 1.25 ml of is opropanol.
After cooling at 4˚C the RNA was separated by centrifugation at 13,500 g for 10 min. The RNA pellet was washed with 2.5 ml of 75% ethanol. Determination of the charged levels of tRNA (percent loaded tRNA) involved two major steps namely; periodate oxidation and the amino acid acceptance assay (Folk and Berg, 1970) [13] .
Periodate oxidation. After the RNA wash, the pellet was dissolved in 620 µl of 0.25 M sodium acetate buffer pH 5.0, containing 0.5% SDS and 1mM EDTA. The RNA from this mixture was separated as before. The ideal concentration of periodate was determined by experiments using deacylated (stripped) tRNA.
Amino acid acceptance assay. Amino acid acceptance assays were performed according to the method of Yang and Novelli [14] , slightly modified as described below. The RNA pellet obtained in the previous step was dissolved in 225 µl of the assay buffer. The assay buffer contained 90 micro moles of Tris HCl (pH 7.5), 0.8 micro mole ATP, 2.4 µmol magnesium acetate, 10 µmole KCl, 4 nmol each of the other amino acids and 3.8 nmol of the labeled (U-14 C) amino acid, and 165 units of the aminoacyl-tRNA synthetase (E. coli enzyme mixture, Sigma Chemical Co.). The reaction was terminated by adding 50 µl of 4 mg/ml BSA and 950 µl of 10% TCA. The precipitate was separated by centrifugation and was washed two times with 950 µl volumes of 10% TCA. Finally, the pellet was suspended in 500 µl of 2.5% TCA. The suspension was transferred to scintillation fluid. The tube was washed with 500 µl of water. The washings were also transferred to the scintillation fluid for counting the radioactivity. The percentage of the loaded tRNA was determined from the count rate (CPM) obtained for the periodate-treated sample divided by the CPM obtained for the buffer treated sample.
Determination of Relative Abundance of Amino Acids in E. coli Proteins
For the analysis of the frequency of amino acids in the E. coli K12 proteins, one-hundred E. coli K12 protein sequences were obtained from the gene bank [15] . To assure randomness, the first 100 proteins appearing under the search criteria of "E. coli K-12" were chosen for the analysis after excluding predicted and hypothetical sequences. The analysis was carried out with "Composition-20" a software program developed by one of us (Bassa V Babu). This program counts the number of occurrences of each amino acid in the query sequence and calculates its percentage representation. The output includes number of times and percentage of occurrence of each amino acid in the total length of the query sequence. Since the protein sequences in these NCBI deposits are translated from the corresponding cDNA sequences, the actual count represents the codons corresponding to various amino acids. The program does analysis on the sequence provided to it directly (by copying and pasting). The program is not a search engine and is not connected to the databases or the internet. The program saves all the queries and output in a local database attached to it. A limited number of copies of the program will be provided to the reviewers and the readers free of cost for academic use.
Statistics
Experiments on the charged levels of tRNAs were done with triplicate samples and repeated at least twice for each of the four amino acids. The values were pooled for statistical analysis. For the amino acid pool sizes a typical experiment with six replicates is presented. Protein abundances were determined with our software on E. coli proteins (n = 100), human cytoplasmic proteins (n = 47), and human leucine-repeat-containing proteins (n = 47) and mitochondrial proteins (n = 13). These sequences were obtained from the NCBI protein database. To ensure randomness, the specified numbers of sequences, appearing first in the database were taken for analysis. We excluded hypothetical and predicted sequences from this sampling. All the differences were tested for significance with a two tailed student t-test as specified in the legends.
Results and Discussion
In the present project we have directly demonstrated the effect of paraquat on the cellular content of charged branched-chain amino acid tRNAs in the E. coli K-12 strain. Aerobic paraquat treatment stops growth that is prevented by the presence of amino acids in the culture medium ( Figure 1 ). We anticipated that this would be accompanied by depletion of the percentage of charged valyl-, isoleucyl-, and leucyl-tRNAs in the cell. Contrary to this expectation, paraquat treatment caused a dramatic elevation of charged valyl-and isoleucyl-tRNAs.
The charged lysyl-tRNA, which was not expected to change, also increased similarly ( Figure 2) . However, the percentage of leucine charged-tRNA, which is higher than that of the other three under native conditions, decreased markedly to about 10% ( Figure 2 ) and this preceded the depression of growth which began within seconds. These unexpected results prompted us to investigate the cellular distribution of leucine between the free pool, tRNA, and proteins. Under native conditions, on average, the free pool size of leucine is much smaller than that of many other amino acids ( Table 1 we excluded from this study. The total amino acid length of these concatenated sequences is 69,685, which is comprised of 10% leucine. This is followed by alanine at 9% (Table 1) . Cysteine is the least abundant amino acid at 0.9%. In E. coli leucine synthesis requires three additional enzymatic reactions compared to the synthesis of valine and isoleucine [16] . The cellular free leucine concentration is therefore a reflection of lengthy biosynthetic procedure and leucine's rapid incorporation into proteins. As shown in Table 1 the leucine free pool is the smallest of the 12 amino acids reported here. It is about 15 times smaller than the valine free pool in the cell.
Under conditions of oxidative stress and resultant BCA starvation, two factors potentially could contribute to the cessation of growth in E. coli K-12. The first factor is the induction of stringency. However, the stringent response in E. coli K-12 is still poorly understood [17] . Our finding that paraquat causes the accumulation of only leucyl-unloaded tRNAs is noteworthy and needs an explanation. The second factor is the appearance of leucine at the highest frequency in the cellular proteins. This lopsided distribution of leucine is likely to make the free leucine pool size the weakest link in the survival of the cell. Mere non-availability of leucine can disrupt protein synthesis. As discussed later, this is the basic idea behind employing amino acid starvation in the treatment of cancer in humans, where the actively dividing cancer cells have a special requirement for specific amino acids [18] . Our data show that paraquat causes a rapid accumulation of charged-amino acid tRNAs for valine and isoleucine but causes a very rapid decrease in the concentration of charged-leucyl-tRNA. These data indicate that inside the E. coli cells amino acid starvation will not go beyond the starvation for leucine, all due to an uneven distribution of amino acids across the E. coli protein sequences. More recently, employing ppGpp deficient strains of E. coli, it has been shown that ppGpp is solely responsible for inhibition of growth in E. coli [17] . The explanation to the paraquat effect is extremely complicated in E. coli because not only leucine is more abundant in the proteins, but [21]. Research on the mechanism of exercise-related muscle loss and its therapy, has found that leucine is outstanding among the BCAs in restoring muscle protein synthesis [4] . Although several mechanisms have been proposed to explain the role of leucine in both the above mentioned cases, the predominance of leucine in human proteins has never been considered to account for this. In this study we have analyzed three categories of human proteins using our software.
They are cytoplasmic proteins that do not contain leucine-rich repeats (combined length = 39,350 amino acids); proteins containing leucine-rich repeats (combined length = 43,412); and mitochondrial proteins (from five different mitochondrial genomes). We have decided on these three categories based on our initial screening of the human proteins for leucine frequency. As shown in Table 1 , the leucine frequency in these three categories is 9%, 15%, and 17% on the average, respectively, and 6.6% in elastin where alanine, glycine, proline and valine are the predominant amino acids (Table 2) . Elastin is a recent target for glycine deprivation which is being promoted by some private parties [22], because elastin is required for angiogenesis in the fast growing tumors. It can be concluded that most of the cellular leucine in humans and in E. coli is situated in the protein sequences. On the average, leucine is even more abundant in human proteins than in the E. coli proteins. The predominance of leucine in proteins in general and mitochondrial proteins in particular explains, at least partially, the positive effects of leucine supplementation in the recovery from muscle loss. In both E. coli K-12 and in human tissues, the high demand for leucine as a constituent of proteins would result in smaller cellular free leucine pools that can be depleted rapidly by nutritional starvation in actively dividing cells. Additionally, leucine is an essential amino acid in humans and its deprivation as a strategy has many advantages. We expect that our findings will stimulate research on the amino acid pool sizes, and charged tRNA levels in various human cell types. The "Paraquat effect "that we have described here is important information which can help understand better, the physiological properties of leucine in humans. The cellular concentration of free amino acids was determined as described in the "Methods". The technique involved radio-labeling of the cells with C-14 glucose, and PITC derivatization of the amino acids followed by HPLC (n = 6 per each data point). In view of difficulties in capturing the free amino acid concentrations only 12 amino acid pool sizes are reported here. The student t test was applied for the differences between Valine vs leucine (p < 0.0001) and Isoleucine vs leucine (p < 0.0001) pool sizes. E. coli (K-12) and human protein sequences were obtained from the NCBI protein database. E. coli protein sequences (n = 100) randomly selected were analyzed for their amino acid composition by a software program developed by the authors (see methods). The concatenated sequence length is 69,685 for E. coli proteins, 39,350 for human cytoplasmic proteins, and 42,796 for human leucine-repeats-containing (LRC) proteins. Amino acid composition of proteins from a representative mitochondrial genome (13 proteins in total) is presented here. For elastin (required for angiogenesis in the tumors and therefore a target of glycine deprivation), two deposits available in the gene bank are combined and the percentage of each of the 20 amino acids in the concatenated sequence is presented here. Student t-test was applied on the following amino acid frequencies: Alanine vs Leucine for E. coli proteins (p < 0.0001); Alanine vs leucine for each of the three categories of human proteins; and for the leucine content of cytoplasmic vs leucine-repeat-containing proteins (p < 0.0001) and the leucine content of cytoplasmic vs mitochondrial proteins (p < 0.0001).
Conclusions
Based on our findings described here, we propose that higher basal levels of charged leucyl-tRNA are the consequence of higher abundance of leucine in the proteins and together they have resulted in the smaller free pools of leucine ultimately causing the paraquat effect in E. coli. This observation is of paramount importance to humans, because the analysis of protein sequences available in the gene bank shows ( Table 2 ) that leucine is the most abundant amino acid also in the human proteins, especially the mitochondrial proteins. Our data for the first time systematically document this information. The software program used here provides a simple way to analyze hundreds of protein sequences available in the gene bank and will be useful in future applications. Our results stress on the importance of determining the cellular free amino acid pool sizes before deciding on a target amino acid in the amino acid starvation based cancer therapies. In the light of our findings, we believe that leucine is a better candidate for the starvation of metastatic cells, and therefore leucine must be explored more thoroughly in this regard.
